Abstract: Gas flow in soil plays a crucial role in terrestrial ecosystems, and numerical simulation of their movement needs to know their effective diffusion coefficients. How pore structure influences the effective diffusion coefficient has been studied intensively for dry porous media, but much remains unknown for unsaturated soils. Here, we employed the X-ray tomography technique at the pore scale to directly obtain the soil structures, the geometry of their pores and the water distribution under different water saturation levels were calculated using a morphological model. The results show that pore structures including porosity, interface area of gas-solid-water and pore diameter are closely related to water saturation. The increase of mean pore diameter with gas saturation can be fitted into a power law. We also investigated the impact of pore geometry and water saturation on the effective diffusion coefficients, which is independent of the molecular mass of gas after normalization. As the normalized effective Knudsen diffusion coefficient increases with average pore diameter following a power law, with the scaling factor related to pore geometry and the exponent is a constant, we explained and proved that the Knudsen diffusion coefficient increases with gas saturation, also following a power law.
Introduction
Understanding the movement of gas in soil is of great importance in many fields, such as estimating the environmental effect of gas spills [1] [2] [3] , designing engineering projects to inject and store CO 2 [4] [5] [6] [7] [8] , treatments of volatile constituents of hazardous wastes in landfills and disposal sites [9] [10] [11] . Owing to the intrinsic complexity of soil structure, the practical study of gas transport in soil is generally based on macroscopic approaches, wherein the microscopic features are volumetrically averaged by omitting the pore geometry [11] [12] [13] . Because only the void space allows gas to diffuse, gas diffusive flow in soil mainly depends on pore geometry and water saturation [14] [15] [16] .
In the literature, the gas effective diffusion coefficient (D eff ) in soil is usually assumed to be proportional to their bulk diffusion coefficient (d) in free air. For example, Marshall [17] and Millington [18] , respectively, proposed a power-law, D eff /d = ε n , with n being a fitting parameter. Considering the connectivity of pores, Penman [19, 20] proposed an improved model, D eff /d = (1/k)ε, with k being the tortuosity factor. Several similar models have been proposed [21] [22] [23] [24] , but these models are inadequate for calculating the impact of pore geometry and water saturation on the effective diffusion coefficient. Furthermore, in small pores when the Knudsen effect has to be considered, the diffusion will be much more complicated [14, 15, 25] .
Soils are usually aggregated with a hierarchical structure in which the pores inside the aggregates are much smaller than that between the aggregates. Several methods can be employed to measure the porosity of soil, such as water saturation method [26] , water evaporation method [26] , mercury intrusion [27, 28] and gas absorption [28, 29] . All the above methods can achieve a precise porosity and mercury intrusion, and gas absorption can also get the pore size distribution, but these methods cannot acquire the pore structure features, including pore space distribution, pore shape, isolated pores, and also they cannot rebuild 3D pore structure [30, 31] . The evolution of tomography, particularly the X-ray tomography technique and focused ion beam/scanning electron microscopy (FIB/SEM), has revealed the interior microstructure of porous media visible at resolutions less than 1 µm [32] [33] [34] . This, together with pore-scale modelling method, could substantially improve our understanding of certain fundamental processes occurring in porous media [35] [36] [37] [38] .
In this paper, we calculated the void structure and the effective diffusion coefficient of soils under different saturations using pore-scale modelling and computed tomography, and to investigate the impact of pore geometry and water saturation on gas effective diffusion coefficient in soil. Firstly, we calculated water distribution by a morphological model [38, 39] , and to extrapolate the impact of saturation on void structure, i.e., pore geometry including porosity, pore diameter, connectivity and interfacial area. The pore geometry varies with saturation; therefore, we simulated gas diffusion under different saturation conditions to explore the influence of pore geometry on gas diffusion. Secondly, we directly calculated the effective diffusion coefficient by a pore-scale model [15] , and to deduce the impact of pore diameter and saturation on effective diffusion coefficient. As studies on how the effective Knudsen diffusion coefficient changes with mean pore diameter and water saturation in porous media is limited in the literature, we attempted to address this using the pore-scale model.
Materials and Methods

Materials
Two soils were investigated in this paper, and they were excavated from two different construction sites in Wuhan, China. The sand:silt:clay ratios for the two soils were 10.9:21.8:67.3 and 29.2:20.3:50.5, respectively. The soil images were acquired using X-ray tomography in Ocean Science and Technology Division, Graduate School at Shenzhen, Tsinghua University. As an illustrative example, Figure 1a shows the 3D image of one soil with voxel size of 6 µm. Because of the limitation of computational capability, we trimmed a cube from the cylinder image, as shown in Figure 1b , and all the simulations and analyses were based on this cube. The dimensions of the cube are 300 × 300 × 300 in terms of voxels, and the porosity is 0.338. The apparent porosity calculated from the image is lower than that measure by gas absorption because X-ray tomography only images pores larger than the voxel size and does not capture microporosity smaller than the image resolution [30] .
(a) (b) (c) Figure 1 . (a) 3D image of soil, acquired using X-ray tomography, with the pores in black and solid in grey; (b) the cube (sample 1) trimmed from the soil; (c) pore-size distribution.
Pore Diameter and Water Distribution
We quantified the pore size distribution and connectivity of the soil using a morphological model as that in Hu, Huang and Zhang [38] and Hu, Liu and Zhang [39] . In the morphological model, the void space is assumed to be an assembly of overlapped spheres of different diameters and the diameter of each pore is defined as the diameter of the largest sphere that can occupy the pore. For each void voxel shown in Figure 1b , we first calculated its shortest distance to the solid walls and then, we started from the pore voxel that is most distant from the solid walls and sign it as the center of a sphere. The sphere is then expanded until it touches a solid wall; the void voxels within this expanded sphere are together defined as a temporary pore, and its diameter is defined as the temporary diameter of the sphere. We then repeated the above procedures to all the pore voxels and progressively updated their temporary diameters. For overlapped spheres, the pore voxels in the overlapped zone were assigned to the diameter of the largest sphere that covered the voxels. Figure 1c shows the pore-diameter distribution of the soil, and the mean pore diameter was 5.26 voxels.
We used the method as used in Hu et al. [38, 39] to determine the distribution of water in the soil. In this method we assumed that soils are hydrophobic and water distribution in the soil is regulated by capillary pressure which depends on the pore diameter δ. The associated capillary pressure with the pore was assumed to be p = σ/δ, where p is capillary pressure, σ is the air-water surface tension, as the air-water interface is part of a sphere with diameter δ and all pores smaller than δ are filled by water. Water distribution in soil is hysteretic and here we just calculated it under wetting processes as shown in Figure 2 .
Due to the technical limitations and computational reasons, the achievable voxel size by current tomography devices is limited by the sample size, which means that if we needed a good representativeness of the soil sample, we would sacrifice the resolution of 3D soil image [31] and all pores which are smaller than the voxel size cannot be explicitly resolved. To investigate the gas diffusion coefficient in a wild range of scales and avoid taking small sub-samples, we shrunk the voxel size of the soil image from 10 −1 nm to 10 3 nm to obtain a series of soil samples with same geometry as shown in Figure 1b 
The Pore-Scale Model
Gas diffusion in a pore need to overcome the resistance caused both by molecule-wall collision and molecule-molecule collision [40] [41] [42] . The relative dominance of one type of collision over another depends on the ratio of the mean free path λ to the pore diameter δ, known as Knudsen number Kn = λ/δ. When the Knudsen number is less than 0.01, the gas flow is continuum [42] [43] [44] and the gas transport can be described by the bulk diffusion coefficient. In contrast, if the pore diameter is much smaller than the mean free path, the gas transport is considered in the Knudsen regime and could be described by the Knudsen diffusion coefficient.
In a single pore, the effective diffusion coefficient can be described by the dusty gas model as follows, in terms of diffusion coefficients [42, [44] [45] [46] [47] [48] [49] :
where deff is the effective diffusion coefficient of the pore; d and dkn are the bulk and Knudsen diffusion coefficient, respectively. Each pore is associated with a bulk diffusion coefficient d and a Knudsen diffusion coefficient dkn, with the former being a constant and the latter calculated as follows [41] [42] [43] [44] : 
where d eff is the effective diffusion coefficient of the pore; d and d kn are the bulk and Knudsen diffusion coefficient, respectively. Each pore is associated with a bulk diffusion coefficient d and a Knudsen diffusion coefficient d kn , with the former being a constant and the latter calculated as follows [41] [42] [43] [44] :
where T is the temperature, k is the Boltzmann number, m is the molecular mass of the gas and δ is the pore diameter.
In the pore-scale simulation of gas diffusion in soil, we assumed that the system is isothermal and isobaric. We used a constant gas concentration (c 1 ) on the top and a lower concentration (c 2 ) on the bottom of the image to impel the gas flow in the soil, and the other four vertical sides were considered as impermeable boundaries. The gas diffusion through the pore geometry of the image is described by the flowing equation [15, 42] :
where c is the gas concentration at each pore voxel in the soil image and t is the time. d eff is the effective diffusion coefficient associated with each pore, which can be calculated from Equation (1). Under a specified temperature and pressure, the bulk diffusion coefficient is constant and equal in all the pores, while the Knudsen diffusion coefficient varies spatially depending on the pore diameter; therefore, the effective diffusion coefficient d eff is spatially variable. We solved Equation (3) numerically using the finite volume method developed by Zhang and Gao [50] under the imposed boundary conditions mentioned above. Once the gas diffusion was considered to have attained a steady state, the diffusive flux in each pore voxel was calculated as follows [14, 42] :
where q i is the diffusive flux at the pore voxel centered at x i , d i e f f is the effective diffusion coefficient of the pore voxel calculated from Equation (1) and ∇c i is the local gas concentration gradient.
We calculated the gas concentration and flux at each voxel and then volumetrically averaged them over the whole image. The average diffusive flux and the concentration gradient are assumed to be described by the following equation [14, 42] :
where Q is the average diffusive flux, D eff is the effective diffusion coefficient of the whole soil and ∇C is the average gas concentration gradient. As a result, the effective diffusion coefficient can be calculated as follows based on the simulated diffusive flux at each voxel [42] :
Each simulation was carried out for a water distribution calculated from a specific capillary pressure as described above, and the water-gas interface was treated as an impermeable boundary as the solid-gas interface. The water was static and the void structure remained unchanged during the simulation. As a trade-off between computational costs and sample representation, we directly used the voxels in the X-ray image as the FVM element and such treatments did not lead to considerable errors [39] . Figure 3 shows the changes of porosities for total, connected and unconnected pores with water saturation. As water saturation increased, the porosity of the total pores and connected pores decreased, while the unconnected pores increased. When water saturation was less than 0.4, the connected pore porosity was approximately equal to the total pore porosity, indicating that under low water saturations, a smaller fraction of the pores is occupied by water. This is in stark contrast to when saturation is higher than 0.5. As mentioned before, each pore voxel is associated with a pore diameter. The volume of pores for each diameter under different saturations is shown in Figure 4 . The curve shapes for total and connected pores were similar, and the volume of pores decreased with increasing water saturation except for small pores (diameter < 2 voxels), which increased with water saturation in the initial stage and decreased later. This is because water entering pores in the hydrophobic soil reduced the diameters of the large pores. The mean pore diameters decreased with water saturation. If S is water saturation, then (1 − S) denote gas saturation, and the normalized mean pore diameter increases with gas saturation, as shown in Figure 5 . The increase can be fitted into a power law, δ′ = α(1 − S) β , where δ′ is the normalized mean pore diameter. As an illustration, Figure 5 shows the comparison between the calculated mean pore diameter and that estimated by δ′ = α(1 − S) β . To test that the formula was valid for other soils, we calculated the normalized mean pore diameter under different saturations in another soil sample with contrasting pore geometrical shape and pore size distribution, as shown in Figure 6 . The results (not presented) show that the relationship between average pore diameter and gas saturation can be fitted into a power-law. As mentioned before, each pore voxel is associated with a pore diameter. The volume of pores for each diameter under different saturations is shown in Figure 4 . The curve shapes for total and connected pores were similar, and the volume of pores decreased with increasing water saturation except for small pores (diameter < 2 voxels), which increased with water saturation in the initial stage and decreased later. This is because water entering pores in the hydrophobic soil reduced the diameters of the large pores. The mean pore diameters decreased with water saturation. If S is water saturation, then (1 − S) denote gas saturation, and the normalized mean pore diameter increases with gas saturation, as shown in Figure 5 . The increase can be fitted into a power law, δ = α(1 − S) β , where δ is the normalized mean pore diameter. As an illustration, Figure 5 shows the comparison between the calculated mean pore diameter and that estimated by δ = α(1 − S) β . To test that the formula was valid for other soils, we calculated the normalized mean pore diameter under different saturations in another soil sample with contrasting pore geometrical shape and pore size distribution, as shown in Figure 6 . The results (not presented) show that the relationship between average pore diameter and gas saturation can be fitted into a power-law. As mentioned before, each pore voxel is associated with a pore diameter. The volume of pores for each diameter under different saturations is shown in Figure 4 . The curve shapes for total and connected pores were similar, and the volume of pores decreased with increasing water saturation except for small pores (diameter < 2 voxels), which increased with water saturation in the initial stage and decreased later. This is because water entering pores in the hydrophobic soil reduced the diameters of the large pores. The mean pore diameters decreased with water saturation. If S is water saturation, then (1 − S) denote gas saturation, and the normalized mean pore diameter increases with gas saturation, as shown in Figure 5 . The increase can be fitted into a power law, δ′ = α(1 − S) β , where δ′ is the normalized mean pore diameter. As an illustration, Figure 5 shows the comparison between the calculated mean pore diameter and that estimated by δ′ = α(1 − S) β . To test that the formula was valid for other soils, we calculated the normalized mean pore diameter under different saturations in another soil sample with contrasting pore geometrical shape and pore size distribution, as shown in Figure 6 . The results (not presented) show that the relationship between average pore diameter and gas saturation can be fitted into a power-law. As most biogeochemical processes in soil occur at the interface of water, air and solid [51] , we calculated the interface areas of gas-water, gas-solid and water-solid under different water saturations. For convenient analysis, we normalized all the interface areas by A0, where A0 is the interface area of gas-solid when water saturation is 0. Figure 7 shows the changes of interface areas A/A0 with water saturation. Swelling of water saturation decreased the interface area of gas-solid exponentially, concurrent with exponentially increasing the interface area of water-solid, and the interface area of gas-water increased with water saturation in early stages and decreased with an increasing rate in later stages. 
Results and Discussions
Impact of Saturation on Pore Structure
Impact of Saturation on Effective Diffusion Coefficient
We first simulated carbon dioxide diffusion in soil as shown in Figure 1 . Since gas diffusion is dependent on temperature and pressure [52] , a temperature 300 K and pressure 1 bar and a bulk As most biogeochemical processes in soil occur at the interface of water, air and solid [51] , we calculated the interface areas of gas-water, gas-solid and water-solid under different water saturations. For convenient analysis, we normalized all the interface areas by A0, where A0 is the interface area of gas-solid when water saturation is 0. Figure 7 shows the changes of interface areas A/A0 with water saturation. Swelling of water saturation decreased the interface area of gas-solid exponentially, concurrent with exponentially increasing the interface area of water-solid, and the interface area of gas-water increased with water saturation in early stages and decreased with an increasing rate in later stages. 
We first simulated carbon dioxide diffusion in soil as shown in Figure 1 . Since gas diffusion is dependent on temperature and pressure [52] , a temperature 300 K and pressure 1 bar and a bulk As most biogeochemical processes in soil occur at the interface of water, air and solid [51] , we calculated the interface areas of gas-water, gas-solid and water-solid under different water saturations. For convenient analysis, we normalized all the interface areas by A 0 , where A 0 is the interface area of gas-solid when water saturation is 0. Figure 7 shows the changes of interface areas A/A 0 with water saturation. Swelling of water saturation decreased the interface area of gas-solid exponentially, concurrent with exponentially increasing the interface area of water-solid, and the interface area of gas-water increased with water saturation in early stages and decreased with an increasing rate in later stages. As most biogeochemical processes in soil occur at the interface of water, air and solid [51] , we calculated the interface areas of gas-water, gas-solid and water-solid under different water saturations. For convenient analysis, we normalized all the interface areas by A0, where A0 is the interface area of gas-solid when water saturation is 0. Figure 7 shows the changes of interface areas A/A0 with water saturation. Swelling of water saturation decreased the interface area of gas-solid exponentially, concurrent with exponentially increasing the interface area of water-solid, and the interface area of gas-water increased with water saturation in early stages and decreased with an increasing rate in later stages. 
We first simulated carbon dioxide diffusion in soil as shown in Figure 1 . Since gas diffusion is dependent on temperature and pressure [52] , a temperature 300 K and pressure 1 bar and a bulk 
We first simulated carbon dioxide diffusion in soil as shown in Figure 1 . Since gas diffusion is dependent on temperature and pressure [52] , a temperature 300 K and pressure 1 bar and a bulk diffusion coefficient d = 0.16 cm 2 /s were used in the simulations. For each image, we calculated its effective bulk diffusion coefficient (D b ), omitting the Knudsen diffusion, the effective Knudsen diffusion coefficient (D kn ), omitting the bulk diffusion and the overall effective diffusion coefficient (D eff ) considering both the bulk and Knudsen diffusions. For convenient analysis, we normalized all the effective diffusion coefficients by the bulk diffusion coefficient d. Figure 8 shows the changes of effective diffusion coefficient (D eff /d) with mean pore diameter in comparison with the effective bulk diffusion coefficient (D b /d) and the effective Knudsen diffusion coefficient (D kn /d), under saturations 0, 0.267 and 0.825. For all three water saturations, the patterns of the effective diffusion coefficient changes with pore diameter were similar, the effective diffusion coefficient increased with mean pore diameter as the effective Knudsen diffusion coefficient in the Knudsen regime, and asymptotically approached the value of the effective bulk diffusion coefficient in the continuum regime. As shown in Figure 8 , the effective diffusion coefficient decreased with increasing water saturation. This is mainly because the swelling of water saturation decreases the porosity and mean pore diameter of soil as illustrated before, and hence, the soil becomes less diffusible. diffusion coefficient d = 0.16 cm 2 /s were used in the simulations. For each image, we calculated its effective bulk diffusion coefficient (Db), omitting the Knudsen diffusion, the effective Knudsen diffusion coefficient (Dkn), omitting the bulk diffusion and the overall effective diffusion coefficient (Deff) considering both the bulk and Knudsen diffusions. For convenient analysis, we normalized all the effective diffusion coefficients by the bulk diffusion coefficient d. Figure 8 shows the changes of effective diffusion coefficient (Deff/d) with mean pore diameter in comparison with the effective bulk diffusion coefficient (Db/d) and the effective Knudsen diffusion coefficient (Dkn/d), under saturations 0, 0.267 and 0.825. For all three water saturations, the patterns of the effective diffusion coefficient changes with pore diameter were similar, the effective diffusion coefficient increased with mean pore diameter as the effective Knudsen diffusion coefficient in the Knudsen regime, and asymptotically approached the value of the effective bulk diffusion coefficient in the continuum regime. As shown in Figure 8 , the effective diffusion coefficient decreased with increasing water saturation. This is mainly because the swelling of water saturation decreases the porosity and mean pore diameter of soil as illustrated before, and hence, the soil becomes less diffusible. To prove the above impact of water saturation on the gas diffusion coefficient is a general principle, we simulated oxygen diffusion in the two soil samples with bulk diffusion coefficient d = 0.20 cm 2 /s [43] . The simulated results are shown in Figure 9 . The curves of effective diffusion coefficient with pore diameter are similar to those of carbon dioxide, and the effective diffusion coefficients also decrease with water saturation increasing.
Under certain water saturation, the values of the effective diffusion coefficients (Deff) of carbon dioxide and oxygen, as well as their changes with mean pore diameter differ considerably (not presented). However, after normalization, the values of Deff/d were approximately equal, particularly when the mean pore diameter was relatively large, as shown in Figures 8 and 9a , indicating that Deff/d depends only on the pore geometry and not on the molecular mass of gas. To prove this, we simulated the effective diffusion coefficient of methane and hydrogen in the soil in Figure 1 ; and the results also show that the normalized effective diffusion coefficient is independent of the molecular mass of gas as shown in Figure 9c ,d. To prove the above impact of water saturation on the gas diffusion coefficient is a general principle, we simulated oxygen diffusion in the two soil samples with bulk diffusion coefficient d = 0.20 cm 2 /s [43] . The simulated results are shown in Figure 9 . The curves of effective diffusion coefficient with pore diameter are similar to those of carbon dioxide, and the effective diffusion coefficients also decrease with water saturation increasing.
Under certain water saturation, the values of the effective diffusion coefficients (D eff ) of carbon dioxide and oxygen, as well as their changes with mean pore diameter differ considerably (not presented). However, after normalization, the values of D eff /d were approximately equal, particularly when the mean pore diameter was relatively large, as shown in Figures 8 and 9a , indicating that D eff /d depends only on the pore geometry and not on the molecular mass of gas. To prove this, we simulated the effective diffusion coefficient of methane and hydrogen in the soil in Figure 1 ; and the results also show that the normalized effective diffusion coefficient is independent of the molecular mass of gas as shown in Figure 9c 
Effective Knudsen Diffusion Coefficient
The effective diffusion coefficient for gas transport in soil can be calculated by the dusty gas formula when the accuracy requirement is not too strict [15] . However, the dusty gas model requires the effective bulk and effective Knudsen diffusion coefficients, which cannot be directly measured and should be estimated indirectly. Different empirical formulas are available to estimate the effective bulk diffusion coefficient [18, 21, 53] by porosity and tortuosity. However, study on the effective Knudsen diffusion coefficient is limited. As the effective Knudsen diffusion coefficient mainly depends on pore diameter and the molecular mass of gas, we calculated the effective Knudsen diffusion coefficient of oxygen and hydrogen in the two soil samples using the pore-scale method. Figure 10 shows the changes of normalized effective Knudsen diffusion coefficient (Dkn/d) with a mean pore diameter. The simulated effective Knudsen diffusion coefficients of oxygen and hydrogen in soil sample 1 were very close, and this further proves that the normalized effective Knudsen diffusion coefficient depends only on the pore geometry, and not on the molecular mass of gas. At pore scale, the Knudsen diffusion coefficient increased linearly with pore diameter as Equation (2); but after a volumetric average, this linear dependence is broken and becomes a power law. The increase of the normalized effective Knudsen diffusion coefficient with the mean pore diameter can be described by the following equation:
where η is a parameter related to pore geometry, and γ is a constant with the value equal to 0.99. The comparison between the normalized effective Knudsen diffusion coefficients is estimated by Equation (7), with that calculated from pore-scale simulations showing a good agreement as shown in Figure 10 , with η = 0.0027 for soil sample 1 and η = 0.001 for soil sample 2. 
The effective diffusion coefficient for gas transport in soil can be calculated by the dusty gas formula when the accuracy requirement is not too strict [15] . However, the dusty gas model requires the effective bulk and effective Knudsen diffusion coefficients, which cannot be directly measured and should be estimated indirectly. Different empirical formulas are available to estimate the effective bulk diffusion coefficient [18, 21, 53] by porosity and tortuosity. However, study on the effective Knudsen diffusion coefficient is limited. As the effective Knudsen diffusion coefficient mainly depends on pore diameter and the molecular mass of gas, we calculated the effective Knudsen diffusion coefficient of oxygen and hydrogen in the two soil samples using the pore-scale method. Figure 10 shows the changes of normalized effective Knudsen diffusion coefficient (D kn /d) with a mean pore diameter. The simulated effective Knudsen diffusion coefficients of oxygen and hydrogen in soil sample 1 were very close, and this further proves that the normalized effective Knudsen diffusion coefficient depends only on the pore geometry, and not on the molecular mass of gas. At pore scale, the Knudsen diffusion coefficient increased linearly with pore diameter as Equation (2); but after a volumetric average, this linear dependence is broken and becomes a power law. The increase of the normalized effective Knudsen diffusion coefficient with the mean pore diameter can be described by the following equation:
where η is a parameter related to pore geometry, and γ is a constant with the value equal to 0.99. The comparison between the normalized effective Knudsen diffusion coefficients is estimated by Equation (7), with that calculated from pore-scale simulations showing a good agreement as shown in Figure 10 , with η = 0.0027 for soil sample 1 and η = 0.001 for soil sample 2. Figure 10 . The comparison between the normalized effective Knudsen diffusion coefficients calculated from pore-scale simulations with that estimated by Equation (7).
As mentioned before, the mean pore diameter increases with gas saturation following a power law δ′ = α(1 − S) β , and the increase of the effective Knudsen diffusion coefficient with mean pore diameter can be described by the power law Dkn/d = ηδ′ γ ; we can easily draw out the effective Knudsen diffusion coefficient with gas saturation following a power law Dkn/d = m(1 − S) n . To prove the validity of this equation, we simulated the effective Knudsen diffusion coefficient of different gases in the two soil samples under various saturations and the results show that the effective Knudsen diffusion coefficient increased with gas saturation following a power law as shown in Figure 11 . 
Conclusions
In this paper, two 3D images and simulations were used to evaluate the effect of saturation on pore structure and on the effective diffusion coefficient of soil. The simulations show that:
(1) The pore geometry including porosity, connectivity, pore size and interface strongly depend on water distribution and saturation, and the relationship between average pore diameter and gas saturation can be fitted into a power-law; (2) The present approach can be used to calculate the effective diffusion coefficient, but needs to know the pore structure; (3) The effective diffusion coefficient in the Knudsen region and in the continuum region approximates the effective Knudsen diffusion coefficient and the effective bulk diffusion coefficient, respectively. In the transition region, it can be calculated by the dusty-gas model under certain accuracy. As mentioned before, the mean pore diameter increases with gas saturation following a power law δ = α(1 − S) β , and the increase of the effective Knudsen diffusion coefficient with mean pore diameter can be described by the power law D kn /d = ηδ γ ; we can easily draw out the effective Knudsen diffusion coefficient with gas saturation following a power law D kn /d = m(1 − S) n . To prove the validity of this equation, we simulated the effective Knudsen diffusion coefficient of different gases in the two soil samples under various saturations and the results show that the effective Knudsen diffusion coefficient increased with gas saturation following a power law as shown in Figure 11 . As mentioned before, the mean pore diameter increases with gas saturation following a power law δ′ = α(1 − S) β , and the increase of the effective Knudsen diffusion coefficient with mean pore diameter can be described by the power law Dkn/d = ηδ′ γ ; we can easily draw out the effective Knudsen diffusion coefficient with gas saturation following a power law Dkn/d = m(1 − S) n . To prove the validity of this equation, we simulated the effective Knudsen diffusion coefficient of different gases in the two soil samples under various saturations and the results show that the effective Knudsen diffusion coefficient increased with gas saturation following a power law as shown in Figure 11 . Figure 11 . Increase of the normalized effective diffusion coefficient with gas saturation follows a power law.
(1) The pore geometry including porosity, connectivity, pore size and interface strongly depend on water distribution and saturation, and the relationship between average pore diameter and gas saturation can be fitted into a power-law; (2) The present approach can be used to calculate the effective diffusion coefficient, but needs to know the pore structure; (3) The effective diffusion coefficient in the Knudsen region and in the continuum region approximates the effective Knudsen diffusion coefficient and the effective bulk diffusion coefficient, respectively. In the transition region, it can be calculated by the dusty-gas model under certain accuracy. Figure 11 . Increase of the normalized effective diffusion coefficient with gas saturation follows a power law.
(1) The pore geometry including porosity, connectivity, pore size and interface strongly depend on water distribution and saturation, and the relationship between average pore diameter and gas saturation can be fitted into a power-law; (2) The present approach can be used to calculate the effective diffusion coefficient, but needs to know the pore structure; (3) The effective diffusion coefficient in the Knudsen region and in the continuum region approximates the effective Knudsen diffusion coefficient and the effective bulk diffusion coefficient, respectively. In the transition region, it can be calculated by the dusty-gas model under certain accuracy.
(4) Pore diameter is essential in calculating the effective Knudsen diffusion coefficient which increases with gas saturation following a power-law.
